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HIGHLIGHTS 


•  Electrodeposition  of  Co  film  for  spontaneous  deposition  of  Au  or  Pd  is  reported. 

•  The  3D  porous  electrode  exhibits  good  catalytic  performance  for  H202  reduction. 

•  The  3D  porous  electrode  is  consisted  of  numerous  interconnected  nanoparticles. 
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Non-noble  metal  film  electrode  (Co/Ni  foam)  modified  with  noble  metals  (Au  and  Pd)  has  been  reported. 
Highly  porous  Co  film  is  firstly  prepared  electrochemically  on  the  commercial  Ni  foam  substrate  and  in 
turn  serves  as  a  hard  template  and  a  redox  inducer  for  modification  by  spontaneous  deposition  of  Au  or 
Pd.  The  electrodes  (Au-modified  Co/Ni  foam  and  Pd-modified  Co/Ni  foam)  are  characterized  by  scanning 
electron  microscopy  equipped  with  energy  dispersive  X-ray  spectrometer,  and  X-ray  diffractometer.  The 
catalytic  performance  of  the  3D  porous  electrodes  is  evaluated  by  voltammetry  and  chronoamperometry. 
Results  reveal  that  Au-  and  Pd-modified  Co/Ni  foam  exhibit  excellent  catalytic  performance  and  good 
stability  for  H2O2  electroreduction  compared  with  Au  and  Pd  particles  supported  on  Ni  foam,  benefitting 
from  the  unique  3D  structure  which  can  ensure  high  utilization  of  catalyst  and  quick  releases  of  gas 
bubbles  produced  by  H2O2  decomposition  from  the  electrode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  a  promising  power-generation  technology  for  the 
direct  conversion  of  chemical  energy  into  electricity.  They  play  a 
crucial  role  in  solving  the  problems  of  energy  crisis  and  environ¬ 
mental  pollution.  In  recent  years,  H202-based  fuel  cells,  such  as 
direct  methanol-hydrogen  peroxide  fuel  cell  [1—3],  direct  boro- 
hydride-hydrogen  peroxide  fuel  cell  [4-6],  hydrazine-hydrogen 
peroxide  fuel  cell  [7-9]  and  direct  peroxide-peroxide  fuel  cell  [10- 
15],  have  been  widely  investigated.  Note  that  H2O2  is  often  used  as 
oxidant  instead  of  02  in  these  types  of  liquid-based  fuel  cells, 
indicating  that  improving  H2O2  electroreduction  performance 
could  further  improve  the  cell  performance.  Generally,  given 
remarkable  physicochemical  properties  of  noble  metals  in  the  Pt 
group,  they  are  considered  as  the  best  catalysts  for  electrochemical 
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reaction  [16-19].  However,  recent  studies  [20]  have  reported  that 
Pt-based  catalysts  alone  account  for  38-56%  of  the  cost  of  polymer 
electrolyte  membrane  fuel  cells,  and  the  cathode  consumes  around 
90%  of  Pt  catalysts  because  of  its  sluggish  oxygen  reduction  reaction 
(ORR)  kinetics.  Being  a  more  economic  and  plentiful  metal  than  Pt, 
Au  has  been  investigated  for  its  electrocatalytic  activity  21-24], 
furthermore,  it  has  also  been  demonstrated  to  have  no  significant 
catalysis  to  H2O2  decomposition  unlike  Pt  and  other  noble  metals, 
ensuring  the  high  utilization  efficiency  of  H202  [25].  Pd  has  also 
attracted  considerable  attention  because  it  has  very  similar  prop¬ 
erties  to  Pt  (e.g.,  same  group  of  the  periodic  table,  same  fee  crystal 
structure,  and  similar  atomic  size)  while  being  less  expensive  and 
more  abundant  than  Pt  [26,27].  Indeed,  Au  and  Pd  have  been 
studied  intensively  as  the  most  promising  Pt-free  catalysts. 

In  order  to  further  reduce  the  cost  of  catalysts  and  improve  the 
cell  performance,  many  researchers  have  focused  on  the  prepara¬ 
tion  of  nanostructures  with  various  special  morphology  and  size. 
Currently,  nanoporous  foam  materials  represent  a  very  promising 
type  of  structured  materials  having  a  number  of  interesting,  even 
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unique  properties  and  through  this  method,  many  non-noble/noble 
metal  and  -based  foams  can  be  successfully  prepared  [28-30]. 
Kiani  and  co-workers  [30]  have  present  indirect  fabrication  of  Ag 
and  Pd  foams  based  on  electrochemical  deposition  of  scarified  Cu 
foam  at  a  Cu  sheet,  and  spontaneous  galvanic  replacement.  The 
groups  of  Yu  and  Huang  [31]  have  prepared  porous  Pd  and  PdNi 
using  hydrogen  bubble  dynamic  template  and  they  have  also 
proved  that  the  catalysts  exhibit  excellent  catalytic  activity  and 
stability  towards  methanol  oxidation.  Fabricated  foam  electrodes 
show  electrocatalytic  properties  with  several  benefits.  First,  the 
procedure  is  very  simple  and  fast  and  can  perform  at  room  tem¬ 
perature  using  commercially  available  reagents  in  water  as  a  green 
solvent  with  no  need  to  any  additive.  Second,  based  on  this  method, 
we  could  design  catalysts  and  metal  foams  for  practical  application 
since  it  is  possible  to  save  the  usage  of  precious  metals  like  Au,  Pd 
and  Ag,  only  by  surface  modification  of  other  cheap  metals.  In  fact, 
the  catalyst  on  the  surface  is  the  actual  catalytic  active  species, 
implying  that  the  inner  catalyst  has  little  catalysis.  Interestingly,  the 
coated  amount  of  noble  metals  on  the  surface  of  metal  foam  could 
be  also  easily  controlled.  Their  great  potential  for  rapid  electro¬ 
chemical  reactions  arising  from  the  high  surface  area  and  superior 
mass  transport,  makes  Au-  and  Pd-modified  Co/Ni  foam  electrodes 
the  potential  candidates  for  the  application  in  fuel  cells. 

In  the  present  paper,  we  described  the  preparation  of  Au  and  Pd- 
modified  porous  Co  film  electrodes  via  a  two-step  procedure:  at 
first,  the  electrodeposition  of  porous  Co  film  on  Ni  foam  substrate  at 
high  current  density,  then  the  spontaneous  deposition  of  Au  and  Pd 
by  immersion  of  the  Co  deposits  in  the  solutions  containing  Au  and 
Pd  ions  (Eqs.  (1)  and  (2)). 


Co(0)  +  Pd2+  — >  Co2+  +  Pd(0) 

(1) 

3Co(0)  +  2Au3+— >3Co2+  +  2Au(0) 

(2) 

We  report  a  study  aiming  to  significantly  improve  the  utilization 
of  precious  Au  and  Pd  catalysts  and  their  catalytic  performance.  We 
chose  Ni  foam  as  the  substrate  due  to  its  high  electrical  conductivity 
and  a  desirable  open  3D  structure.  A  3D  porous  Co  particle  layer 
was  electrodeposited  on  Ni  foam  which  greatly  increases  the  sur¬ 
face  area  of  Ni  foam  substrate.  The  obtained  3D  Au  and  Pd-modified 
Co/Ni  foam  electrode  exhibit  high  catalytic  performance  and  good 
stability  for  electroreduction  of  H2O2. 

2.  Experimental 

2.1.  Preparation  and  characterization  of  Au  and  Pd-modified  Co/Ni 
foam  electrodes 

The  Au  and  Pd-modified  Co/Ni  foam  electrodes  were  prepared  in 
two  steps.  Step  one  consisted  of  electrodeposition  of  porous  Co  film 
by  applying  a  constant  current  of  -2.0  A  cm-2  for  100  s  to  elec¬ 
trochemical  cell,  containing  0.1  mol  L-1  C0SO4  +  1.0  mol  L-1 
(NH4)2S04  +  0.7  mol  L-1  NH4OH  aqueous  solution.  The  growth  of 
Co  film  was  accompanied  by  gas  evolution  at  all  times  until  the 
electrochemical  deposition  was  terminated.  The  spontaneous 
deposition  of  Au  was  performed  by  immersion  of  the  porous  Co 
layers  in  the  solution  containing  1.0  mmol  L-1  HAuC14  +  0.1  mol  L-1 
NaCl  for  30  s.  The  same  procedure  was  followed  for  Pd-modified  Co/ 
Ni  foam  electrode  in  1.0  mmol  L-1  Na2PdCl4  +  0.1  mol  L-1  NaCl  for 
10  s.  Prior  to  use,  the  Ni  foam  (10  mm  x  10  mm  x  1.1  mm,  110  PPI, 
320  g  m-2;  Changsha  Lyrun  Material  Co.,  Ltd.  China)  was  degreased 
with  acetone,  etched  with  6.0  mol  L-1  HC1  for  5  min,  and  then 
rinsed  with  deionized  water  extensively.  For  comparative  study,  Ni 
foam  supported  Au  particles  (Au/Ni  foam)  and  Pd  particles  (Pd/Ni 
foam)  were  also  prepared  by  the  same  method  as  that  for  Au-  and 


Pd-modified  Co/Ni  foam  without  porous  Co  film  deposits.  The  de¬ 
positions  were  carried  out  in  a  three-electrode  electrochemical  cell 
controlled  by  computerized  potentiostat  (Autolab  PGSTAT302,  Eco 
Chemie).  The  Ni  foam  served  as  the  working  electrode,  which  was 
placed  between  two  pieces  of  platinum  foil  in  parallel  as  the 
counter  electrodes.  A  saturated  calomel  electrode  (SCE)  was  used  as 
the  reference  electrode. 

The  electrode  morphology  was  characterized  by  a  scanning 
electron  microscope  (SEM,  JEOL  JSM-6480)  equipped  with  an  en¬ 
ergy  dispersive  X-ray  spectrometer  (EDX).  The  structure  was 
analyzed  using  an  X-ray  diffractometer  (Rigaku  TTR  III)  with  Cu  K 
radiation  (A  =  0.1514178  nm).  The  Au  and  Pd  loading  were 
measured  using  an  inductive  coupled  plasma  emission  spectrom¬ 
eter  (ICP,  Xseries  II,  Thermo  Scientific).  Au  and  Pd  in  the  1.0  cm2 
electrodes  was  first  dissolved  in  aqua  regia  solution  and  then 
diluted  to  1  L  solution  for  the  ICP  measurement. 

2.2.  Electrochemical  measurements 

The  catalytic  performance  of  the  Au  and  Pd-modified  Co/Ni 
foam  electrodes  for  H2O2  electroreduction  was  measured  by  linear 
scan  voltammetry  and  chronoamperometry  with  the  same 
configuration  as  that  for  electrodeposition  with  the  exception  that 
the  two  Pt  foil  counter  electrodes  were  placed  behind  D-porosity 
glass  frits.  The  electrolyte  for  H2O2  electroreduction  was  H2O2- 
containing  KOH  solution.  The  reported  current  densities  were 
calculated  using  the  geometrical  area  of  the  electrode.  All  solutions 
were  made  with  analytical  grade  chemical  reagents  and  ultra-pure 
water  (Milli-Q  18  MCI  cm).  All  measurements  were  performed  at 
ambient  temperature  (20  ±  2  °C)  under  N2  atmosphere. 

3.  Results  and  discussion 

3.1.  Characterization  of  porous  Co  film  and  Au-modified  Co/Ni  foam 
electrode 

Fig.  1  shows  the  low  and  high-magnification  SEM  images  of 
porous  Co  film  supported  on  commercial  Ni  foam  substrate,  fabri¬ 
cated  by  electrodeposition  in  an  electrolyte  of  0.1  mol  L-1 
CoS04  +  1.0  mol  L-1  (NH4)2S04  +  0.7  mol  L-1  NH4OH  at  a  constant 
cathodic  current  of  -2  A  cm-2  for  100  s.  It  can  be  observed  from 
Fig.  1 A  that  the  as-prepared  Co  film  was  uniformly  covered  on  the 
surface  of  Ni  foam  skeleton  and  exhibited  a  3D  porous  structure 
with  highly  porous  nanoramified  walls,  with  diameters  of  some 
micrometres  (Fig.  IB),  left  by  hydrogen  bubbles  that  evolve  at  large 
cathodic  current  density  (-2  A  cm-2).  Much  narrower  pores  were 
also  visible.  More  importantly,  the  walls  of  the  Co  film  consisted  of 
numerous  interconnected  nanoparticles  and  showed  continuous 
nanopores.  Additionally,  the  surface  of  the  3D  porous  Co  film 
exhibited  a  wrinkle  appearance,  consisting  of  an  assembly  of  flake¬ 
like  structures  with  rippled  morphology  due  to  its  ultrathin  feature. 
Evidently,  the  numerous  nanoflakes  with  a  lateral  size  of  several 
hundred  nanometers  were  intercrossed  with  each  other,  creating 
loose  porous  nanostructures  with  abundant  open  space  and  elec¬ 
troactive  surface  sites  (Fig.  1C  and  D),  providing  a  superior  frame¬ 
work  for  Au  or  Pd  modification. 

In  order  to  prepare  the  Au-modified  Co/Ni  foam  electrode,  the 
as-fabricated  Co  film  electrode  was  then  rapidly  transferred  to  a 
solution  containing  1.0  mmol  L-1  HAuC14  +  0.1  mol  L-1  NaCl  for 
30  s.  As  seen  from  Fig.  2A,  the  initial  morphology  of  porous  Co 
deposits  was  still  well-preserved  after  the  spontaneous  deposition 
of  Au.  Fig.  2B  and  C  shows  that  Au  is  uniformly  distributed  on  the 
surface  of  Co  nanoparticles  and  the  surface  of  the  as-formed  Co  film 
becomes  rougher.  The  Au  surfaces  can  be  fully  utilized  because  all 
the  Au  particles  are  accessible  to  H2O2  and  electrolytes.  Besides, 
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Fig.  1.  Low  and  high-magnification  SEM  images  of  porous  Co  film,  fabricated  by  electrodeposition  in  an  electrolyte  of  0.1  mol  L  1  CoS04  +  1.0  mol  L  1  (NH4)2S04  +  0.7  mol  L  1 
NH4OH  at  a  constant  cathodic  current  of  -2  A  cm-2  for  100  s. 


Fig.  2.  Low  and  high-magnification  SEM  images  of  Au-modified  Co/Ni  foam  electrode,  prepared  by  immersing  the  Co  film  in  an  aqueous  solution  containing  1.0  mmol  L  1 
HAuC14  +  0.1  mol  L-1  NaCl  for  30  s. 


oxygen  gas  generated  by  H2O2  hydrolysis  can  quickly  diffuse  away 
from  the  electrode,  preventing  surface  active  sites  of  Au  from 
blocking  by  adsorbed  gas  bubbles. 

Fig.  3A-D  show  the  SEM  image  and  the  mapping  of  Au,  Co  and 
Ni  elements  obtained  by  EDX  analysis.  As  seen,  the  distribution  of 
Au  is  crater-like  having  the  same  outline  with  the  morphology  of 


Au-modified  Co/Ni  foam  electrode,  suggesting  that  Au  is  uniformly 
distributed  on  the  surface  of  Co.  Energy  dispersive  X-ray  (EDX) 
spectroscopy  was  used  to  characterize  the  surface  composition  of 
the  obtained  Au-modified  Co/Ni  foam  electrode  (Fig.  3E).  The 
spectrogram  of  the  EDX  measurement  shows  that  two  character¬ 
istic  peaks  of  the  metallic  Au  peaks  are  observed  at  9.712  and 


Fig.  3.  The  SEM  image  (A),  the  corresponding  elemental  distributions  of  Au,  Co  and  Ni  (B-D)  and  the  corresponding  EDX  spectrum  (E)  of  Au-modified  Co/Ni  foam  electrode. 
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2.122  keV,  which  are  in  agreement  with  Au  La  and  Ma,  respectively 
[32],  and  the  content  of  Au  was  clearly  lower  than  Co,  which  can  be 
also  demonstrated  from  the  data  obtained  by  ICP  measurements 
(0.2415  mg  cm-2). 

To  further  determine  the  structure  and  composition  of  the  as- 
prepared  samples,  XRD  patterns  of  Ni  foam  substrate,  porous  Co 
film  and  Au-modified  Co/Ni  foam  electrode  are  also  shown  in  Fig.  4. 
There  exist  three  sharp  diffraction  peaks  at  44.5°,  51.8°  and  76.3°  in 
each  XRD  pattern,  which  can  be  indexed  to  the  diffraction  from  the 
(111),  (20  0)  and  (220)  planes  of  Ni  metal  according  to  the  standard 
crystallographic  spectrum  of  Ni  (JCPDS  card  No.  65-2865),  origi¬ 
nating  from  the  Ni  foam  substrate.  Moreover,  the  diffraction  in¬ 
tensities  of  Ni  foam  are  dramatically  diminished  after 
electrodeposition  of  Co  film,  suggesting  that  the  porous  Co  film  is 
uniformly  covered  upon  the  Ni  foam  surface.  After  replacement 
with  Au  by  spontaneous  deposition,  a  new  peak  at  38.2°  was 
observed,  which  can  be  ascribed  to  the  (111)  plane  of  Au  (JCPDS 
card  No.  65-2870)  (The  inset  of  Fig.  4).  Due  to  the  low  loading,  the 
diffraction  intensity  of  Au  is  much  weaker. 


3.2.  Electrocatalytic  activity  of  Au-modified  Co/Ni  foam  electrode 
for  H202  electroreduction 

The  electrocatalytic  activity  for  H2O2  electroreduction  was 
investigated  using  Au-modified  Co/Ni  foam  electrode  as  a  model 
system.  Fig.  5A  shows  the  cyclic  voltammograms  (CV)  of  Ni  foam 
substrate,  porous  Co  film  and  Au-modified  Co/Ni  foam  electrode  in 
KOH  solution.  The  CV  profile  of  the  Ni  foam  substrate  only  shows  a 
strong  oxidation  peak  (centered  at  0.29  V)  and  a  reduction  peak 
(centered  at  0.18  V),  which  is  due  to  the  redox  reactions  of  Ni 2+/ 
Ni3+  according  to  the  literature  10,28].  The  porous  Co  film  displays 
the  typical  features  of  Co  metal,  which  is  in  consistence  with  that 
reported  previously  [33  and  the  redox  peaks  can  be  attributed  to 
the  inter-conversion  of  Co  to  Co(OH)2  to  Co(OH)3.  After  Au  depo¬ 
sition,  it  can  be  observed  that,  the  two  pairs  of  redox  peaks  of  Co 
became  larger  which  may  cause  from  the  hydrogen  adsorption/ 
desorption  and  the  redox  reaction  of  Au  on  the  Au-modified  Co/Ni 
foam  electrode,  similar  to  those  reported  in  the  literature  for  Au 
electrode  in  alkaline  solution  [34,35]. 

In  order  to  further  demonstrate  that  the  Au-modified  Co/Ni 
foam  electrode  is  the  superior  electrocatalyst  for  H2O2  reduction, 
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Fig.  4.  XRD  patterns  of  Ni  foam  substrate,  porous  Co  film  supported  on  Ni  foam  and 
Au-modified  Co/Ni  foam  electrode.  Inset  is  the  zoom  of  the  diffraction  peak  of  Au. 


we  also  systematically  evaluate  the  electrochemical  performance 
by  means  of  cyclic  voltammetry  and  chronoamperometry.  The  cost 
of  catalysts  is  a  major  problem  for  the  development  of  fuel  cells,  so 
how  to  improve  the  efficiency  of  catalyst  is  a  hotspot.  To  directly 
explain  the  efficiency  of  Au  on  the  Au-modified  Co/Ni  foam  elec¬ 
trode,  the  current  density  unit  was  expressed  as  A  cm-2  mg-1. 
Fig.  5B  shows  the  influence  of  KOH  concentration  for  H2O2  reduc¬ 
tion,  with  the  fixed  H2O2  concentration  at  0.5  mol  L-1  and  the 
changing  KOH  concentration  from  1.0  mol  L-1  to  4.0  mol  L-1.  As 
seen,  too  high  KOH  concentration  could  not  lead  to  the  high  per¬ 
formance.  Inset  of  Fig.  5B  is  the  comparative  cyclic  voltammograms 
of  Au-modified  Co/Ni  foam  electrode,  porous  Co  film  and  Au/Ni 
foam  in  3.0  mol  L-1  KOH  containing  0.5  mol  L-1  H2O2.  The  Au- 
modified  Co/Ni  foam  electrode  displays  much  higher  H2O2  elec¬ 
troreduction  currents  than  porous  Co  film  and  Pd//Ni  foam  elec¬ 
trode  in  the  potential  range  of  -0.2  V  to  -0.5  V.  At  -0.3  V,  a 
reduction  current  density  on  Au-modified  Co/Ni  foam  electrode  can 
reach  to  -0.66  A  cm-2  mg-1,  and  that  obtained  on  Au/Ni  foam 
electrode  is  only  -0.16  A  cm-2  mg-1.  A  limiting  current  density  of 
1.08  A  cm-2m  g-1  is  obtained  at  the  negative  sweep,  which  is  also 
much  larger  than  that  on  Au  particles  supported  on  Ni  foam  [6], 
demonstrating  the  superior  electrocatalytic  activity  of  Au-modified 
Co/Ni  foam  electrode. 

The  effects  of  H2O2  concentration  were  also  investigated  in 
Fig.  5C.  When  the  concentration  of  H2O2  is  lower  than  0.5  mol  L-1, 
the  H2O2  electroreduction  reached  to  diffusion  control  at  -0.42  V, 
and  the  reduction  current  density  remarkably  increased  with  the 
increase  of  H2O2  concentration  from  0.25  mol  L-1  to  1.5  mol  L~\  We 
noticed  that  the  decomposition  of  H2O2  becomes  apparent  at  high 
concentration  of  H2O2.  So  low  H2O2  concentration  should  be  used 
in  practice  to  avoid  the  influence  of  chemistry  decomposition  of 
H2O2  on  the  electrochemical  measurements.  In  summary,  the 
suitable  ratio  of  [K0H]/[H202]  was  found  to  be  3:1. 

The  stability  of  Au-modified  Co/Ni  foam  electrode  for  H2O2 
electroreduction  was  investigated  by  chronoamperometric  mea¬ 
surements.  Fig.  5D  shows  chronoamperometric  curves  of  H2O2 
electroreduction  on  the  Au-modified  Co/Ni  foam  electrode.  The 
potentials  were  selected  in  the  region  from  the  open  circuit  po¬ 
tential  to  peak  potential  according  to  the  CVs  (Fig.  5B  and  C). 
At  -0.25  V,  current  densities  reached  steady-state  after  a  few  sec¬ 
onds  and  displayed  no  decrease  within  30  min  test  period,  indi¬ 
cating  that  the  Au-modified  Co/Ni  foam  electrode  has  a  good 
stability  for  catalyzing  H2O2  electroreduction.  At  higher  potential 
(-0.3  V  and  -0.35  V),  current  densities  slightly  decreased,  which 
may  result  from  the  depletion  of  H2O2  near  the  electrode  surface. 
The  same  electrode  was  used  in  the  whole  measurement  at  the 
three  potentials,  that  is,  the  electrode  was  actually  examined  for 
5400  s. 

3.3.  Characterization  of  Pd-modified  Co/Ni  foam  electrode 

The  main  goal  of  this  study  aims  at  fabrication  of  noble  metal 
surface-modification  of  other  cheaper  metals  to  improve  the  effi¬ 
ciency  of  noble  metals.  In  brief,  the  applicability  of  proposed 
method  for  fabrication  of  Pd-modified  Co/Ni  foam  electrode  was 
also  evaluated.  Fig.  6  shows  the  different  magnification  SEM  images 
of  Pd-modified  Co/Ni  foam  electrode,  prepared  by  immersing  the 
Co  film  in  an  aqueous  solution  containing  1.0  mmol  L-1 
Na2PdCU  +  0.1  mol  L-1  NaCl  for  10  s.  Similar  to  the  results  in  Fig.  2, 
the  introduction  of  Pd  cannot  damage  the  highly  porous  structure 
of  the  as-prepared  Co  film,  and  uniformly  covered  on  the  surface  of 
Co  deposits. 

EDX  spectrum  analysis  of  Pd-modified  Co/Ni  foam  electrode  was 
also  taken  and  the  results  were  shown  in  Fig.  7.  The  mapping  of  Pd 
element  obtained  by  EDX  analysis  has  the  same  outline  with  the 
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Fig.  5.  Cyclic  voltammograms  of  Ni  foam,  porous  Co  film  and  Au-modified  Co/Ni  foam  electrode  in  1.0  mol  L-1  KOH  at  a  scan  rate  of  50  mV  s-1  (A);  The  effects  of  KOH  concentration 
for  H202  electroreduction  (B);  The  effects  of  H202  concentration  for  H202  electroreduction  (C);  Chronoamperometric  curves  for  H202  electroreduction  at  different  potentials  in 
3.0  mol  L  1  KOH  +  1.0  mol  L  1  H202  (D).  The  inset  of  B  is  the  zoom  of  the  comparative  cyclic  voltammograms  of  porous  Co  film,  Au/Ni  foam  and  Au-modified  Co/Ni  foam  electrodes 
in  3.0  mol  IT1  KOH  +  0.5  mol  L”1  H202. 


Fig.  6.  Low  and  high-magnification  SEM  images  of  Pd-modified  Co/Ni  foam  electrode,  prepared  by  immersing  the  Co  film  in  an  aqueous  solution  containing  1.0  mmol  L  1 
Na2PdCl4  +  0.1  mol  L”1  NaCl  for  10  s. 


Fig.  7.  The  SEM  image  (A),  the  corresponding  elemental  distributions  of  Pd,  Co  and  Ni  (B-D)  and  the  corresponding  EDX  spectrum  (E)  of  Pd-modified  Co/Ni  foam  electrode. 
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Fig.  8.  XRD  patterns  of  Ni  foam  substrate,  porous  Co  film  supported  on  Ni  foam  and 
Pd-modified  Co/Ni  foam  electrode.  Inset  is  the  zoom  of  the  diffraction  peak  of  Pd. 


surface  of  Pd-modified  Co/Ni  foam  electrode  in  the  corresponding 
SEM  image  (Fig.  7A),  suggesting  that  Pd  displayed  a  well-uniform 
distribution  on  the  surface  of  porous  Co  film.  Apparently,  the  con¬ 
tent  of  Pd  was  much  lower  than  Co,  resulting  from  the  low  content 
of  Pd  (0.1291  mg  cm-2).  The  mapping  of  Ni  element  came  from  the 
Ni  foam  substrate.  The  spectrogram  of  the  EDX  measurement  also 
exhibited  the  characteristic  peaks  of  the  metallic  Pd  according  to 
previous  literature  30]. 


XRD  measurements  of  Ni  foam  substrate,  porous  Co  film  sup¬ 
ported  on  Ni  foam  and  Pd-modified  Co/Ni  foam  electrode  were  also 
carried  out.  The  partial  enlarged  view  of  XRD  pattern  of  Pd- 
modified  Co/Ni  foam  electrode  was  presented  in  the  inset  of 
Fig.  8  to  clearly  reveal  the  diffraction  peak  of  Pd.  Due  to  the  low 
loading  of  Pd  on  the  Pd-modified  Co/Ni  foam  electrode,  the  typical 
diffraction  peak  of  Pd  (111 )  plane  at  40.1°  according  to  the  standard 
crystallographic  spectrum  of  Pd  (JCPDS  card  No.  65-2867),  was  also 
much  weaker. 

3.4.  Electrocatalytic  activity  of  Pd-modified  Co/Ni  foam  electrode 
for  H202  electroreduction 

The  catalytic  performance  and  stability  of  Pd-modified  Co/Ni 
foam  electrode  towards  H2O2  electroreduction  was  also  systemat¬ 
ically  examined  in  this  work  and  the  results  were  displayed  in  Fig.  9. 
Obviously,  a  reduction  peak  (center  at  — 0.56  V)  can  be  observed 
on  the  CV  curve  of  Pd-modified  Co/Ni  foam  electrode  resulting  from 
the  reduction  of  PdO  formed  on  the  surface  of  electrode,  which 
exhibits  the  typical  features  of  polycrystalline  Pd  in  alkaline  solu¬ 
tion  reported  in  the  previous  literature  [12].  Besides,  the  redox 
pairs  of  Co  also  become  larger  due  to  the  enhancement  of  the 
hydrogen  adsorption/desorption  on  Pd  and  the  redox  reaction  be¬ 
tween  Pd  and  PdO.  We  also  tested  the  influence  of  KOH  and  H2O2 
concentration  of  H2O2  electroreduction  on  the  as-prepared  Pd- 
modified  Co/Ni  foam  electrode.  The  comparative  polarization 
curves  for  H2O2  electroreduction  on  porous  Co  film,  Pd/Ni  foam  and 
Pd-modified  Co/Ni  foam  electrodes  were  also  displayed  in  Fig.  9. 
At  -0.3  V,  a  reduction  current  density  on  Pd-modified  Co/Ni  foam 
electrode  can  reach  to  -0.96  A  cm-2  mg-1,  and  that  obtained  on  Pd/ 
Ni  foam  electrode  is  only  -0.31  A  cm-2  mg-1.  A  peak  reduction 
current  density  of  1.85  A  cm-2  mg-1  is  obtained  in  the  solution  of 


Fig.  9.  Cyclic  voltammograms  of  Ni  foam,  porous  Co  film  and  Pd-modified  Co/Ni  foam  electrode  in  1.0  mol  L-1  KOH  at  a  scan  rate  of  50  mV  s-1  (A);  The  effects  of  KOH  concentration 
for  H202  electroreduction  (B);  The  effects  of  H202  concentration  for  H202  electroreduction  (C);  Chronoamperometric  curves  for  H202  electroreduction  at  different  potentials  in 
3.0  mol  IT1  KOH  +  1.0  mol  L-1  H202  (D).  The  inset  of  B  is  the  zoom  of  the  comparative  cyclic  voltammograms  of  porous  Co  film,  Pd/Ni  foam  and  Pd-modified  Co/Ni  foam  electrodes 
in  3.0  mol  L-1  KOH  +  0.5  mol  L"1  H202. 
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3.0  mol  L-1  KOH  +  0.5  mol  L-1  H2O2.  In  summary,  the  electrode 
possesses  excellent  catalytic  activity  and  good  stability  for  H2O2 
electroreduction  from  Fig.  9B-D. 

4.  Conclusion 

A  simple  and  green  approach  for  fabricating  noble  metals  ( Au  and 
Pd)  surface-modification  of  non-noble  metal  (Co)  was  developed. 
The  electrochemically  fabricated  porous  Co  film  supported  on  Ni 
foam  substrate  was  used  as  a  scarifying  hard  framework  for  modi¬ 
fication  by  spontaneous  deposition  of  Au  or  Pd.  In  order  to  exhibit 
the  superior  electrocatalytic  performance,  we  have  further  exam¬ 
ined  the  catalytic  performance  and  stability  of  Au-  and  Pd-modified 
Co/Ni  foam  electrodes  towards  H2O2  electroreduction.  The  3D 
porous  electrodes,  consisting  of  interconnected  microparticles, 
exhibited  excellent  catalytic  performance  and  good  stability  for 
H2O2  electroreduction.  The  limiting  reduction  current  densities  of 
1.08  A  cm-2  g^1  and  1.85  A  cm-2  g-1  are  obtained  at  the  Au-  and  Pd- 
modified  Co/Ni  foam  electrodes,  respectively.  The  enhanced  per¬ 
formance  is  ascribed  to  the  unique  structure  of  electrode,  which 
ensures  high  utilization  of  catalysts  and  quick  releases  of  gas  bubbles 
produced  by  H2O2  decomposition  from  the  electrodes.  The  novel 
porous  electrode  has  a  great  potential  for  the  application  in  fuel  cells 
due  to  its  facile  preparation,  high  performance  and  low  cost. 
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